Hardware and Software manual for Evolution of Oil Droplets in a
















philosophy,	 expansive	 documentation	 and	 large	 community.	 These	 reasons	 were	 considered	
advantageous	 as	 they	 are	 expected	 to	 contribute	 to	 the	 easy	 replication	 and	 adoption	 of	 the	
DropBot	 paradim	 and	 implementation	 in	 other	 laboratories,	 as	 compared	 to	 a	 proprietary	
product.	Early	designs	of	DropBot	(data	not	shown)	aimed	to	use	a	RepRap	3d	printer	directly,	
through	 the	 replacing	of	 the	 thermoplastic	extruder	with	a	 liquid	handling	system.	After	early	
prototyping	phases,	 it	was	decided	that	this	platform	was	unsuitable	and	so	a	new	design	was	
formulated,	 re‐using	modular	components	 from	the	RepRap	project	 rather	 than	 its	monolithic	











unsuitably	 small	 for	 the	 target	 experiments.	 The	 limitations	 imposed	 by	 the	 size	 of	 the	





the	 design	 involved	 the	 majority	 of	 the	 Y‐actuation	 mechanism	 being	 physically	 located	










































































the	strut‐frame	to	support	 the	weight	of	 the	pumps.	The	 frame	was	designed	so	 that	 reagents	











































casing	 and	 structure	was	 3d‐printed	 from	PLA.	 Independent	 crank	mechanisms	were	 used	 to	
actuate	the	plunger	of	the	syringe	and	to	lower	and	raise	the	syringe.	These	consisted	of	the	default	




























The	movement	 along	 the	 X	 and	 Y	 axes	 was	 performed	 using	 a	 stripped	 down	 version	 of	 the	
electronics	used	by	a	RepRap	3D	printer,	where	only	the	parts	required	by	the	X	and	Y	movement	
were	kept:	an	Arduino	Mega[2]	board	and	“A4988	Stepper	Motor	Driver	Carrier”.	A	PCB	shield	

















servo	motors.	Each	 servo	motor	 took	power	 from	a	 common	supply	and	were	 connected	 to	 a	
common	ground,	with	the	only	individual	connection	being	a	single	PWM	data	pin	to	the	Arduino.	
















ational.	 As	 motion	 was	 provided	 by	 two	 stepper	 motors,	 from	 the	 NEMA	 family,	 these	 were	
therefore	compatible	with	the	shield	developed	for	the	X‐Y	axis	control	(Section	S.1.3.1).	It	was	


















• The	 syringe	 used	 to	 direct	 the	 tubing	 from	 the	 syringe	pumps	 at	 the	 carriage	 the	 “1	ml	
NORM‐JECT”.	
• These	syringes	were	fitted	with	“Weller	KDS16TN25	Needle	Taper	Tip	16G”.	



















A	 hierarchical/deliberative	 paradigm	 was	 followed	 when	 designing	 the	 control	 software.	
Software	components	resident	on	the	host	computer	was	programmed	entirely	in	Python,	whilst	





The	 artificial	 intelligence	 (AI)	 component	 is	 responsible	 for	 coordinating	 the	 overarching	
experimental	plan,	selecting	droplet	formulations	based	on	prior	(if	any)	data	and	passing	these	
















Figure	 15:	 UML	 diagram	 describing	 the	 software	work‐flow	 and	 communication	 between	 the	
diverse	software	components.	
A	 multiprocessing	 software	 architecture	 was	 chosen	 to	 make	 maximum	 usage	 of	 time	 and	
resources,	 and	 to	 ease	 development	 by	 modularizing	 the	 software.	 Software	 interprocess	







description	 of	 a	 recipe	 and	 the	 digital	 actuation,	 effected	 by	 the	 electronics.	 By	 using	 this	
translation	 pipeline,	 a	 number	 of	 expert‐written	 modules	 could	 be	 leveraged,	 significantly	
reducing	development	costs	and	time.	The	core	component	of	the	RC	is	the	PrintRun[4]	library,	
developed	 for	 controlling	 RepRap	 printers	 (via	 G‐code)	 and	 and	 which	 constitutes	 the	 most	
popular	 choice	 of	 library	 for	 this	 purpose.	 As	 this	 central	 library	 is	 written	 in	 the	 Python	





The	 RC’s	 interface	 to	 exterior	 code	 was	 encapsulated	 within	 a	 library	 called	 “RobotCtl”.	 This	






































































After	 the	Hough	transform,	 the	pipeline	was	split	 into	 two	parallel	 tracks.	One	of	 these	tracks,	
aimed	at	long‐term	analysis,	was	based	on	foreground	subtraction	18.	The	objective	of	this	track	
17	















of	 any	 non‐closed	 structure.	 The	 previously	 calculated	 Hough	 transform	was	 then	 applied,	 to	







































For	 each	 experiment,	 a	 data	 structure	 describing	 the	 positions	 of	 the	 droplets	 over	 time	was	
produced.	This	data	was	used	in	order	to	rate	an	experiment	based	on	different	factors.	During	



















frames.	The	 average	distance	per	droplet	was	 calculated	 for	 every	pair	 of	 frames,	 its	 quantity	






















For	 each	 behaviour	 to	 be	 tested,	 three	 Genetic	 Algorithm	 (GA)	 runs	were	 used.	 Each	 GA	 run	
performed	21	generations,	with	a	fixed‐population	size	of	25	individuals	and	15	individuals	being	











mutations	 per	 individual).	 For	 each	 locus	 selected	 for	 mutation,	 a	 normal‐distributed	 noise	
function,	with	a	mean	of	0	and	an	SD	of	0.1	was	additively	applied.	Each	child	was	always	the	
product	of	 a	 single	 crossover	 recombination	between	 two	distinct	parents,	with	 the	 crossover	
being	uniformly	distributed	along	the	genome	and	the	same	genetic	location	being	used	for	each	
parent.	 Individuals	 were	 birthed	 with	 parents	 being	 selected,	 without	 replacement,	 from	 the	
extant	pool	with	probability	proportional	to	the	fitness	(to	the	power	of	some	parameter).	After	
birthing	and	fitness	measurement,	the	population	was	culled	to	a	fixed	size,	with	individuals	being	

































































Our	 four	 component	 system	 comprises	 1‐Octanol,	 Diethyl‐phthalate,	 1Pentanol,	 and	 either	
Octanoic	acid	or	Dodecane	as	the	fourth	ingredient.	Movement	of	1‐pentanol	droplets	is	described	
in	 the	 literature	 [30],	 and	 a	 range	 of	 other	 mid‐to‐long	 chain	 alcohols	 were	 tested	 using	


































points	as.	 	 	 		(6)	
	




  	 		 (7)	




       (9)	
An	important	property	of	this	reformulation	is	that	 it	requires	the	calculation	of	a	dot‐product	
between	 each	 input	 vector	 and	 every	 other.	 These	 dot‐products	 can	 be	 collated	 in	 the	 Gram	
matrix:	




  zi	=	f	(xi)	 		 (11)	
the	Gram	matrix	G is	then	replaced	by	the	kernel	matrix	K,	whose	entries	are	given	by	
  .	 		 (12)	
Rather	 than	 calculating	 the	 dot	 products	 through	 an	 explicit	 mapping	 from	 input	 space	 into	
feature	 space,	 it	 is	usually	quicker	 to	use	an	 implicit	 feature‐space	 inner	product	g,	 calculated	
directly	on	the	input	vectors:	






(RBFs),	 whose	 members	 are	 defined	 by	 being	 real‐valued	 function	 that	 depend	 only	 on	 the	
distance,	in	input	space,	between	the	input	vectors.	Distance	is	here	defined	between	points	i	and	
j	as	
  	.	 		 (14)	
The	Gaussian	RBF	then	defines	the	kernel	function	between	two	points	i	and	j	as	
  .	 		 (15)	
Where	σ	is	a	problem‐specific	parameter,	roughly	equivalent	to	the	standard	deviation	of	the	
Gaussian	 probability	 distribution.	 One	 peculiar	 property	 of	 the	 Gaussian	 kernel	 function,	 not	
shared	by	other	RBFs,	 is	 its	 implicit	mapping	of	 the	 input	vectors	 into	an	 infinite	dimensioned	
φ	
27	
feature	 space.	 This	 property	 arises	 from	 the	 expansion	 of	 the	 exponential	 term,	 here	
demonstrated	for	a	single‐dimension	input	vector:	
  	 		 (16)	




  	 		 (18)	
S.5.1.3	 Complete	Landscapes	
Three	reduced	fitness	landscapes	are	shown	in	the	main	text	in	figure	6.	Each	of	these	subfigures	






(Ci‐iv.	 In	 each	plot,	 three	 substances	 are	 displayed	 as	 the	 plot	 title.	 The	 fourth	 substance	 can	
therefore	be	assumed	to	be	held	at	a	constant	zero.	The	projection	used	is	equivalent	to	the	ternary	




























8	 locations	 around	 that	 location	were	 tested,	 to	 discover	which	 of	 them	 corresponded	 to	 the	
neighbouring	 maximum.	 For	 each	 location	 whose	 neighbouring	 maximum	 was	 the	 current	
location	from	the	active‐set,	that	location	was	marked	as	belonging	to	the	current	fitness	island	
and	then	added	to	the	active‐set	for	analysis	of	its	own	neighbourhood.	It	was	simple	to	allow	this	















(Ai‐iv),	 motility	 (Bi‐iv)	 and	 vibration	 (Ci‐iv).	 Each	 colour	 (Red,	 yellow,	 green,	 blue,	 purple)	





fitness	 compared	 to	 the	 initial	 populations.	 This	 analysis	 was	 performed	 by	 comparison	 of	
generation	 1	 with	 generation	 21.	 It	 is	 common,	 in	 biological	 scenarios,	 to	 consider	 the	 fitter	
members	of	a	population,	rather	than	the	average,	since	these	will	propagate.	P‐values	 for	this	
analysis	were	therefore	conducted	by	comparing	only	the	top	half	(fitness	greater	than	median)	























Finally	 it	was	 tested	whether	 there	was	a	positive	dependence	of	 fitness	upon	generation	 (i.e.	
whether	fitness	increased	positively	with	generation).	Due	to	the	non‐linear	association	that	was	
visually	 observed	 from	 figure	 24,	 the	 Kendall	 correlation	 test	 was	 used[29].	 The	 results	 are	
summarised	in	table	7;	all	environments	showed	a	highly	significant	result.	
S.5.3	 Lattice	search	




























of	 analysis	 as	 in	 table	 4.	 Division	 and	 vibration	 both	 show	 significant	 improvement	 in	 fitness	


















Fitness	 τ‐value Z‐value p‐value
Division	 0.283	 18.89 <	10−15
Motility	 0.210	 14.33 <	10−15
Vibration	 0.256	 17.50 <	10−15
	
Table	 7:	 Kendall	 rank‐correlation	 test	 of	 non‐linear	 dependence	 of	 fitness	 on	 generation,	
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